Vestibular hair cells transduce mechanical displacements of their hair bundles into an electrical receptor potential which modulates transmitter release and subsequent action potential firing in afferent neurons. To probe ionic mechanisms underlying sensory coding in vestibular calyces, we used the whole-cell patch-clamp technique to record action potentials and K + currents from afferent calyx terminals isolated from the semicircular canals of Mongolian gerbils. Calyx terminals showed minimal current at the mean zero-current potential (−60 mV), but two types of outward K + currents were identified at potentials above −50 mV. The first current was a rapidly activating and inactivating K + current that was blocked by 4-aminopyridine (4-AP, 2.5 mM) and BDS-I (up to 250 nM). The time constant for activation of this current decreased with membrane depolarization to a minimum value of ∼1 ms. The 4-AP-sensitive current showed steady-state inactivation with a half-inactivation of approximately −70 mV. A second, more slowly activating current (activation time constant was 8.5±0.7 ms at −8 mV) was sensitive to TEA (30 mM). The TEA-sensitive current also showed steady-state inactivation with a half-inactivation of −95.4±1.4 mV, following 500-ms duration conditioning pulses. A combination of 4-AP and TEA blocked ∼90% of the total outward current.
ABSTRACT
Vestibular hair cells transduce mechanical displacements of their hair bundles into an electrical receptor potential which modulates transmitter release and subsequent action potential firing in afferent neurons. To probe ionic mechanisms underlying sensory coding in vestibular calyces, we used the whole-cell patch-clamp technique to record action potentials and K + currents from afferent calyx terminals isolated from the semicircular canals of Mongolian gerbils. Calyx terminals showed minimal current at the mean zero-current potential (−60 mV), but two types of outward K + currents were identified at potentials above −50 mV. The first current was a rapidly activating and inactivating K + current that was blocked by 4-aminopyridine (4-AP, 2.5 mM) and BDS-I (up to 250 nM). The time constant for activation of this current decreased with membrane depolarization to a minimum value of ∼1 ms. The 4-AP-sensitive current showed steady-state inactivation with a half-inactivation of approximately −70 mV. A second, more slowly activating current (activation time constant was 8.5±0.7 ms at −8 mV) was sensitive to TEA (30 mM). The TEA-sensitive current also showed steady-state inactivation with a half-inactivation of −95.4±1.4 mV, following 500-ms duration conditioning pulses. A combination of 4-AP and TEA blocked ∼90% of the total outward current.
In current clamp, single Na + -dependent action potentials were evoked following hyperpolarization to potentials more negative than the resting potential. 4-AP application increased action potential width,
INTRODUCTION
The sensory hair cells of the vestibular system convert displacement-driven hair bundle motion into electrical activity of primary vestibular afferents. In mammalian, reptilian, and avian species, there are type I and type II hair cells which differ in several respects including their innervation characteristics. Whereas bouton afferents make synaptic contact with a small portion of the type II hair cell basolateral membrane, calyx-shaped afferent terminals engulf the basolateral surface of one or more type I hair cells (Wersäll 1956) . How the calyceal synapse operates remains enigmatic. Detection of excitatory postsynaptic currents (EPSCs) in solitary gerbil calyces (Rennie and Streeter 2006) and CNQX-sensitive potentials in turtle vestibular afferents support α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-mediated quantal transmission at this synapse (Bonsacquet et al. 2006; Holt et al. 2007a) . Furthermore, in common with other hair cells from the auditory and vestibular systems, there are several ribbon synapses within type I hair cells and their calyces which provide the synaptic machinery for chemical neurotransmission (Lysakowski and Goldberg 1997) . However, calyx endings make several invaginations into the type I hair cell where the intercellular cleft narrows to 6-7 nm (Gulley and Bagger-Sjöback 1979) . The close arrangement between the presynaptic type I hair cell and its postsynaptic calyx has driven speculation that other less conventional modes of transmission may also occur at this synapse (Goldberg 1996) , and recent evidence shows that driven voltage changes in the membrane potential of calyxbearing afferents persist even in the presence of glutamate receptor antagonists (Holt et al. 2007a) .
The afferent innervation patterns of hair cells in the vestibular neuroepithelium are complex. Some vestibular primary afferents, known as calyx fibers, receive input from type I hair cells and only have calyx terminals. Other vestibular afferents, known as dimorphic fibers, receive input from both hair cell types and have calyceal and bouton terminals. In a third type of configuration, bouton fibers receive their sole input from type II hair cells and only have bouton terminals. The three afferent classes differ in their electrophysiological properties (Baird et al. 1988; Fernández et al. 1988) . Calyx fibers have a larger diameter and fire action potentials that are irregularly spaced and have a relatively low gain in response to rotational stimuli compared to dimorphic and bouton terminals (Baird et al. 1988; Lysakowski et al. 1995) . Bouton terminals show a regular firing pattern and tonic response dynamics in response to acceleration, and dimorphic fibers have properties that are intermediate between irregular and regular neurons. The mechanisms underlying these differences are not clear, but differences in neuronal membrane conductances are likely to contribute. In cultured rat primary vestibular neurons, a high conductance calciumdependent K + channel (BK) was found to contribute to afferent firing characteristics (Limón et al. 2005) . In vestibular ganglion neurons from early postnatal mice and rats, voltage-activated K + currents with differential sensitivities to 4-AP and TEA have been identified (Chabbert et al. 2001; Risner and Holt 2006; Iwasaki et al. 2008) . In ganglion preparations, the terminal innervation characteristics of the neurons were not known.
In this study, we have made patch-clamp recordings of whole-cell K + currents in calyx terminals nonenzymatically dissociated from the semicircular canals of Mongolian gerbils. Calyx terminals were isolated together with associated type I hair cells. We found a rapidly activating and inactivating current sensitive to 4-AP and BDS-I and a slower inactivating current sensitive to relatively high concentrations of TEA. We also investigated the influence of the TEA-and 4-APsensitive K + conductances on action potentials in current clamp to address the function of K + channels in isolated calyces.
METHODS

Cell preparation
Calyx terminals were dissociated along with type I hair cells using methods outlined previously (Rennie and Streeter 2006) . Animal procedures were performed under protocols approved by the University of Colorado's Institutional Animal Care and Use Committee and adhered to guidelines established by the American Physiological Society. Mongolian gerbils (Meriones unguiculatus; postnatal day 13 up to 12 weeks old, 10-90 g) were injected with pentobarbital sodium (Nembutal, 50 mg/kg ip) and ketamine (40 mg/kg im). The ampullae of the semicircular canals were surgically removed under deep anesthesia after opening up the bony labyrinth. Animals were decapitated immediately following canal removal. The six ampullae were immersed in "high-magnesium/low-calcium" saline containing (in millimolar): NaCl (135), KCl (5), MgCl 2 (10), CaCl 2 (0.02), HEPES (10), and D-glucose (3), pH 7.4 with NaOH and osmolality of 300-305 mmol/kg. The tissue was subsequently incubated for 32 min at 37°C and then transferred to a solution of Leibovitz's L-15 medium containing bovine albumin (0.5-1 mg/ml) for at least 50 min at room temperature (18-24°C) to reduce endogenous enzyme activity. Ampullae were then placed in standard L-15 medium (osmolarity adjusted to 300-305 mmol/kg with distilled H 2 O, pH 7.4-7.6) on a glass coverslip of the recording chamber, and the epithelial surface was stroked with a probe to dislodge cells. Cells were subsequently viewed on an Olympus upright microscope (BX50WI) equipped with water immersion objectives and differential interference contrast optics. Isolated type I hair cells were amphora-shaped and could be identified by a constricted neck region as described previously (Ricci et al. 1997) . A camera (Oly 150, Olympus or T-Q/MM-8, Micro-Mac), mercury lamp (Olympus), and Lucifer Yellow filter set were also used in image acquisition. Images were recorded to videotape, converted to digital pictures using Moviestar 5 (SCM Microsystems, Fremont, CA), and merged using Paint Shop Pro (Corel, Ottawa, Canada). Cup-shaped calyx terminals were observed surrounding the basolateral regions of one and occasionally two or three type I hair cells. This is consistent with observations in fixed tissue from the gerbil crista ampullaris, where most calyces were single, but in some cases contacted up to four type I hair cells (Desai et al. 2005) . Afferent stalks connected to calyces were almost never observed in isolated terminals. If a stalk was present, it is noted in the figure legend. All of the electrophysiological data presented were from single calyces in contact with a single type I hair cell, except for one calyx which engulfed two type I hair cells.
Electrophysiological recording and solutions
A Sutter Instruments horizontal micropipette puller (Flaming/Brown P-87, Novato, CA, USA) was used to pull patch pipettes from capillary glass tubing (Warner Instrument Corp., Hamden, CT, USA, glass PG165T, outer diameter 1.65 mm, inner diameter 1.28 mm). Pipettes were fire-polished on a microforge (Narishige MF 83) and coated with silicone elastomer (Sylgard, Dow Corning) close to the tip to minimize capacitive transients. The normal patch pipette solution used in the majority of experiments comprised (in millimolar): KF (110), KCl (15), NaCl (1), HEPES (10), D-glucose (3), MgCl 2 (1.8), and ethylene glycol tetraacetic acid (EGTA) (10), pH 7.4 with KOH (∼27 mM). Later recordings included 2 mM Na 2 ATP in the patch electrode solution; this did not produce measurable differences in recorded currents. We also recorded from two cells with a solution containing (in millimolar): K gluconate (145), NaCl (2), HEPES (10), D-glucose (10), and Lucifer Yellow (dipotassium salt) (1.9), pH 7.4, in order to visually confirm whole-cell recordings using fluorescent dye.
Conventional whole-cell tight-seal patch-clamp experiments were carried out at room temperature (18-24°C). Currents were amplified with an Axopatch-1D patch amplifier (Axon Instruments, Foster City, CA, USA) connected to a PC through an AD converter (Digidata 1320A, Axon Instruments) and using Clampex 8 software. The patch pipette had an open-tip resistance ranging from 1.0 to 4.5 MΩ and was placed in contact with the outer face of the calyx, usually close to the base of the hair cell in order to obtain a gigaseal. Whole-cell access was obtained using voltage pulses or negative pressure. Recordings were made from cells up to 6 h following mechanical dissociation of the cristae.
Signals were low-pass filtered online at 2 or 5 kHz, and the sampling rate was set between 10 and 20 kHz according to the protocol. Residual series resistance (10), and D-glucose (3), pH 7.4 with KOH was used and replaced a solution with the same ingredients except that, instead of choline, 140 mM NaCl was present. Chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA). Solutions containing drugs were applied locally to cells using gravity-fed flow pipes. For TEA experiments (when the TEA concentration exceeded 10 mM), TEA replaced an equimolar amount of Na + or choline, except for experiments in current clamp where TEA was added to the L-15 solution. In other experiments, 4-AP, BDS-I (from a 4 µM stock solution in distilled water), or concentrations of TEA up to 10 mM TEA were added to the external solution, and the pH was adjusted to between 7.4 and 7.5.
Data analysis
Electrophysiological analyses were performed and figures generated using pClamp (8.1 and 8.2, Axon Instruments) and Sigmaplot (Jandel Scientific, v 8 or 11). Values presented are means ± standard errors of the mean (SEM) unless stated otherwise. Significance was determined with Students' t test using Sigmastat software (Jandel Scientific v 2). In current clamp experiments, an action potential was defined as a voltage spike with a rapid upward inflection and amplitude greater than 45 mV above threshold. Input resistance values were calculated from voltage clamp data using a linear regression of a voltage vs. current plot at potentials between −90 and −60 mV following a 40-ms test pulse to −128 mV.
Steady-state inactivation curves for K + currents were obtained using voltage protocols with either 150-or 500-ms prepulses from a holding potential of −78 mV, and resulting data were fitted with a Boltzmann function of the form
where V is the conditioning potential, V 1/2 is the halfmaximum inactivation potential, and S determines the slope factor for inactivation. The activation and inactivation time course of currents were each fitted with a single exponential. Specifically, the activation and inactivation of currents in Figure 5 were fitted according to
where a 1 and a 2 scale the relative activation and inactivation time courses, τ 1 and τ 2 are the time constants of activation and inactivation, and b l is the final steady-state current.
RESULTS
Verification of whole-cell recordings
Type I hair cells were isolated and identified as described previously, and in some cases a calyx terminal remained attached to the basolateral region of the type I hair cell (Rennie and Streeter 2006) . In order to better visualize cells during whole-cell recordings, we carried out experiments using patch electrodes filled with electrode solution that included the fluorescent dye Lucifer Yellow. Gigaseals were made onto the outer face of calyces surrounding type I hair cells, and cell fluorescence was recorded following membrane breakthrough. Figure 1A -C shows examples of fluorescent calyces dialyzed with Lucifer Yellow.
We recorded whole-cell currents from eight calyces filled with Lucifer Yellow electrode solution, and the currents recorded were similar to those seen with normal electrode solution, as shown for example in Figure 3A . Fluorescent calyx terminals were typically seen as a horseshoe-shaped structure (Fig. 1A , B) which surrounded the basolateral membrane around the type I hair cell. We used the same intracellular solution to make patch-clamp recordings from isolated type I hair cells as shown in the example of Figure 1D . Whole-cell access to a type I hair cell was apparent from fluorescence in the hair cell and hair bundle ( Fig. 1D ) and the very low-input resistance which ranged from 40 to 155 MΩ (mean value 109±30 MΩ, n=10) in type I hair cells ( Fig. 2A) . The low-input resistance can be attributed to the large resting K + conductance that has previously been characterized in type I cells (Rennie et al. 1996; Chen and Eatock 2000) . Unlike type I hair cells, calyx terminals did not have a large resting conductance and the mean input resistance was 735±183 MΩ (n=8). This was similar to input resistance values for calyces patched with normal electrode solution without Lucifer Yellow dye, where the mean value was 1.18±0.11 GΩ (n= 26), and two cells patched with K gluconate solution whose input resistance values were 0.4 and 1.3 GΩ. Mean peak outward currents were also larger in type I hair cells as compared to calyces as seen in the current voltage (I-V) plots in Figure 2B . and −33 mV are shown. Cell was stepped to −128 mV for 40 ms before each step to remove Na + current inactivation. D Transient inward current in another calyx was abolished by replacement of external Na + with choline (gray trace), confirming that inward currents were carried by Na + . Outward current was also reduced when the external Na + was replaced with choline (gray trace). Test potential=−28 mV using the same voltage protocol as shown in A.
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Whole-cell currents in calyx terminals
Whole-cell currents in calyx terminals were elicited in voltage clamp with depolarizing steps between −88 and 12 mV as shown in Figure 3A . Compared with voltage steps from a holding potential of −78 mV, outward currents were larger if a conditioning step to a more hyperpolarized potential was first given. We therefore used a standard protocol where steady-state inactivation of outward currents was removed by stepping the membrane to potentials of −120 mV or more negative for 40 ms before the test pulse (Fig. 3A , lower panel). The relative activation of the outward current is shown in Figure 3B . The mean halfactivation of the macroscopic outward current was −21.3±1.8 mV and S was 11.9±1.4 mV (n=9). In most recordings, outward currents were preceded by transient inward currents at steps to potentials above approximately −50 mV. Inward currents are shown for 5-mV increment voltage steps between −88 and −33 mV in Figure 3C . We have previously shown that these transient inward currents are Na + currents which are almost completely eliminated by 100 nM tetrodotoxin (Rennie and Streeter 2006) . Substitution of the external Na + with choline also abolished the transient inward current in six calyces. An example is shown in Figure 3D . This indicates that inward Ca 2+ currents were not contributing to the rapid transient inward current. A T-type Ca 2+ current has been reported previously in mouse vestibular neurons during embryonic development, but its expression declines markedly after birth (Chambard et al. 1999; Autret et al. 2005) . Interestingly, replacing the external Na + with choline solution also produced a reduction in the outward current (Fig. 3D ). In five cells tested, the peak outward current was reduced by a mean value of 24.7±4.4% in extracellular choline solution. The reduction in outward current was not investigated further here, but a similar effect has been described previously in cultured primary afferent vestibular ganglion neurons (Soto et al. 2006) . In that preliminary study (Soto et al. 2006) , an outward K + current was reduced when external Na + was replaced with choline, and the effect was attributed to Na + -activated K + channels (K Na ) (Bhattacharjee and Kaczmarek 2005).
Outward currents in calyx terminals activated above approximately −50 mV (Figs. 2B and 3B). The mean peak amplitude of the outward current measured at ∼0 mV in the normal extracellular solution (L-15) was 1.40 ±0.09 nA (n = 88). We previously reported that replacement of K + with Cs + in the electrode solution blocked the outward currents, indicating that they were K + currents (Rennie and Streeter 2006). During 120-ms duration test pulses, outward currents in calyces always showed some degree of time-dependent inactivation at depolarized potentials. The extent of current inactivation varied between calyces as shown in Figure 4 . The cell shown in Figure 4A showed only a small degree of current inactivation, the cell in Figure 4B showed more inactivation, and the cell in Figure 4C showed the greatest amount of inactivation during 120-ms duration steps. We assessed the inactivation as the current magnitude at the end of the pulse divided by the peak current during a step to 2 mV and found a mean value of 64.2±3.6% (n=41 calyces). The steady-state inactivation of outward current as a function of prepulse potential is shown for four cells in Figure 4D . The variability in inactivation between calyces suggests heterogeneity in the expression of underlying K + channels. We therefore further dissected the inactivating current using different K + channel blockers as follows.
4-AP block of outward K + currents in calyx terminals
The effects on the outward current of increasing concentrations of the K + channel blocker 4-AP are shown in Figure 5A . At an extracellular concentration of 0.25 mM, 4-AP reduced the total outward current at the end of a 40-ms step by ∼25%. As shown in the I-V relations in Figure 5B , peak outward currents were increasingly blocked at potentials above −40 mV as the 4-AP concentration was raised from 0.25 to 0.75 mM Figure 5C . The 4-AP-sensitive current (I 4-AP ) activated with rapid kinetics and showed substantial inactivation over the pulse (Fig. 5C ). The activation and inactivation time courses of I 4-AP were each fitted with a single exponential, and mean values were plotted as a function of membrane potential as shown in Figure 5D . The time constant for activation of I 4-AP was voltage-dependent and decreased with depolarization (filled circles). The mean activation time constant was 2.37±0.48 ms at −8 mV (n=7). The mean inactivation time constant of the 4-AP-sensitive current ranged from 40 to 55 ms and showed no clear voltage dependence (Fig. 5D , open circles).
In vestibular ganglion neurons, the K + current sensitive to 4-AP was further separated into two components (Chabbert et al. 2001) . One component of the 4-AP-sensitive current was blocked by 20 nM α-dendrotoxin (α-DTX) or 50 nM margatoxin. A second 4-AP-sensitive current was blocked by blood depressing substance (BDS-I, 250 nM) (Chabbert et al. 2001 ). α-DTX, a toxin isolated from the venom of mamba snakes, blocks K + channels in the Kv1 family that contain the subunits Kv1.1, Kv1.2, Kv1.3, and Kv1.6 (Harvey 1997). In our experiments, α-DTX had no effect on outward currents in four calyces tested at concentrations up to 280 nM (data not shown), indicating that these channels are not prevalent in calyx terminals. The sea anemone toxin BDS-I was also tested and was found to block part of the outward current in calyces. Figure 6A shows the effect of 250 nM BDS-I on currents in a calyx terminal, and Figure 6B shows the peak outward current blocked in four calyces following BDS-I application. BDS-I is 
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reported to block Kv3 K + channels which are associated with high-frequency firing in neurons (Yeung et al. 2005) . To determine if 4-AP and BDS-I were blocking similar currents, 4-AP was applied to a cell followed by a combination of 4-AP and BDS-I (Fig. 6C ). No additional current was blocked in the presence of 4-AP and BDS-I compared to 4-AP alone. This strongly suggests that the two drugs block the same set of channels in calyx terminals. Figure 7 shows the effect of a second K + channel blocker, externally applied TEA, on the outward calyx current during a voltage step. Most of the TEA experiments were performed using external choline solutions, since we were concerned that changes in the extracellular Na + solution, independent of TEA conditions, might alter outward currents as shown in Figure 3D . Figure 7A shows current in a choline-based extracellular solution (control) and current following application of 30 mM TEA/ choline solution during a 40-ms test pulse. The current blocked by TEA was obtained by subtraction and is shown in Figure 7B . The TEA-sensitive current (I TEA ) activated slowly and did not inactivate over the 40-ms test pulse (Fig. 7B ), whereas the current remaining in TEA showed substantial inactivation (Fig. 7A) . The effect of 30 mM TEA on peak currents (filled symbols) and currents at the end of the 40-ms pulse (unfilled symbols) is shown for a range of membrane potentials in the I-V plots of Figure 7C . Figure 7D shows the effect of different concentrations of TEA on the peak outward current. One millimolar TEA reduced the outward current by ∼25%, and the block was maximal at 25 mM external TEA. This result is similar to that described by Chabbert et al. (2001) , who found that a relatively high extracellular concentration of TEA (30 mM) was required to block a slowly activating voltage-gated current in vestibular ganglion cells.
TEA block of outward K + currents
The kinetics of I TEA were considerably slower than I 4-AP (Fig. 7B) . The activation time course of I TEA was fitted with a single exponential with a mean value of 8.46±0.7 ms at −8 mV (n=4) and was statistically significantly different from values for I 4-AP (t test, PG 0.001). Although no obvious time-dependent inactivation of I TEA was evident during 40-ms test pulses, I TEA demonstrated a slow inactivation during longer pulses as demonstrated in Figure 8B . The inactivation time constant of I TEA was also much slower than that of I 4-AP and ranged from 150 to 600 ms at voltages between −28 and +22 mV.
Inactivation of K + currents
To test whether TEA and 4-AP were selectively blocking separate populations of K + channels, the two drugs were applied sequentially to single cells as shown for one cell in Figure 8A , B. 4-AP (2.5 mM) The current blocked by TEA is shown in B and was obtained by subtracting the current in TEA from control current in A. C The peak current (filled circles) and current at the end of the 40-ms test pulse (unfilled circles) is compared to peak current (filled triangles) and current at the end of the pulse (unfilled triangles) in TEA. TEA blocks K + current above approximately −40 mV. D Effect of increasing concentrations of TEA on outward currents. Current is expressed as a percentage of initial peak control current for 1 mM (n=5), 2.5 mM (n=3), 10 mM (n=2), and 25 mM (n=4) TEA.
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was applied first and produced a reduction in outward current. This was followed by a combination of 25 mM TEA and 2.5 mM 4-AP, which led to a further reduction of the current (lower panel Fig. 8A ). Indeed, the peak outward current was blocked ∼90% by the combination of the two drugs. Drug-sensitive components were obtained by subtracting the currents in the presence of the drug from the control currents to reveal the current components that were blocked by either 4-AP or TEA (Fig. 8B) . The kinetics of the two blocked currents are clearly distinct; Whereas the 4-AP-sensitive current activated rapidly and declined after reaching a peak value, the TEA-sensitive current showed a slower activation and very slow inactivation over the 120-ms duration test step. Similar results using the combined drugs were seen in a total of four calyces, with the combination of TEA and 4-AP blocking on average 87.7±8.4% (mean ± SD) of the peak outward current at potentials above 0 mV.
The steady-state inactivation of I 4-AP and I TEA were also examined using voltage protocols like the one shown in Figure 8A (bottom panel). First the voltagedependent inactivation of the macroscopic K + current was assessed by prepulsing the membrane to different potentials before the test step. In this example, the cell membrane was stepped to a range of conditioning potentials for 150 ms before stepping to the test potential at −8 mV. Conditioning pulses to the most negative potentials resulted in the largest outward currents at the test step as shown in the upper panel of Figure 8A . The outward current was maximally activated following prepulses to potentials more negative than −110 mV. The steady-state inactivation plots for I TEA are shown in Figure 8C and were fitted with a single Boltzmann function. Conditioning pulses of 500-ms duration were used to make I TEA inactivation plots, since the extent of inactivation of I TEA was noticeably greater when 500-ms conditioning pulses were used as compared to 150-ms conditioning pulses. It was not possible to assess the effect of conditioning pulses greater than 500-ms duration, since cells did not tolerate the longer pulses. The mean half-inactivation voltage (V 1/2 ) for I TEA was −95.4±1.4 mV and S was 11.3±1.3 mV (n=6), and the extent of inactivation of I TEA was up to ∼90% (Fig. 8C) . In contrast, the mean V 1/2 for I 4-AP was −70.8±6.1 mV and S was 25.3±3.9 mV (n=5). The steady-state inactivation plot and fit for the 4-APsensitive current in one cell is shown by the symbols and dashed line to the right of the TEA data in Figure 8C .
Effects of 4-AP and TEA on action potentials
The average zero-current potential that we measured in calyx terminals in current clamp was −59.6 ±1.1 mV (mean ± SEM, n=50). There was no spontaneous firing at rest, but solitary action potentials could be recorded after injecting current to hyperpolarize the membrane to potentials more negative than approximately −80 mV as shown in Figure 9 . Similarly, in somas of vestibular ganglion cells, spontaneous firing was not seen in whole-cell patch-clamp recordings, and action potentials were only evoked by current injections (Limón et al. 2005; Risner and Holt 2006; Iwasaki et al. 2008) . These data are in contrast to intracellular and extracellular microelectrode recordings which have demonstrated spontaneous firing in vestibular afferents (Baird et al. 1988; Holt et al. 2007a; Lysakowski et al. 1995) . Previous results have indicated that the half-inactivation voltage for the Na + current in calyx terminals is quite negative, with a mean value of −83 mV (Rennie and Streeter 2006) . This is more negative than the V 1/2 of the Na + current in vestibular ganglion cells, which was reported to be between −65 and −70 mV (Chabbert et al. 1997; Risner and Holt 2006) . Membrane hyperpolarization below the zero-current potential is therefore needed to remove Na + channel inactivation and allow action potentials to be evoked in calyx terminals. To determine the role of K + channels in action potential shaping, the effects of K + channel blockers on single evoked action potentials in calyces were examined as shown in Figure 9 .
Step current injections of 100-ms duration were given following injection of constant current to hyperpolarize the membrane in current clamp. Action potentials were observed as the cell membrane depolarized to the threshold for Na + current activation, which was between −60 and −50 mV. The amplitude of the action potential was measured as the voltage change from threshold to peak and ranged from 47 to 76 mV. As shown in Figure 9A , 4-AP (2.5 mM) slowed the falling phase (inset) and increased the width of the action potential. The effect of TEA is shown on an action potential in another cell in Figure 9B . TEA slowed the falling phase and prevented the full repolarization of the action potential, consistent with the slower activation and inactivation of I TEA. + channel blockers on calyx action potentials recorded in current clamp. Action potentials were elicited by injecting constant current to hyperpolarize the membrane potential (removing Na + channel inactivation) and then applying a current step. A A control action potential is shown on the left and an action potential in the same cell following 4-AP application is shown on the right. As shown in the inset, where the two waveforms are plotted together, the main effect of 4-AP was to slow the late falling phase of the action potential, therefore increasing spike width and to depolarize the cell membrane by only a few millivolts. B An action potential in control conditions (black trace) and following TEA perfusion (gray trace) is shown. The action potential fails to repolarize completely in 25 mM TEA during the current step, and the membrane potential (not shown) was ∼15 mV less negative after the current step. 
4-AP-sensitive K + current
We identified a rapidly activating and inactivating K + current in calyx terminals that is sensitive to 4-AP (I 4-AP ). The kinetic and pharmacologic properties of I 4-AP are consistent with A-type currents, which regulate firing rate and shape spike waveforms in other neurons (Coetzee et al. 1999) . I 4-AP made up ∼60% of the peak outward current at depolarized potentials in calyx terminals. In current clamp, 4-AP broadened action potential width as cells repolarized less rapidly during the falling phase. We did not observe successive action potentials in isolated calyx terminals, but reduction of the transient I 4-AP would be expected to lower spike rate during repetitive firing.
A 4-AP-sensitive K + current was described in early postnatal mouse vestibular ganglion neurons and was further separated into two components using α-DTX and BDS-I (Chabbert et al. 2001; Risner and Holt 2006) . The low-threshold α-DTX-sensitive current activated at potentials above −60 mV, was maximally blocked by 0.5 mM 4-AP, and inactivated less than 20% (Chabbert et al. 2001) . Calyx terminals lack a low-threshold current, and α-DTX had no effect on currents described here. In calyces, I 4-AP activated at potentials above −50 mV, was maximally blocked by ∼1.3 mM 4-AP, and showed extensive inactivation. The activation time constant for I 4-AP in calyx terminals was 1-2 ms, similar to values reported for the 4-AP-sensitive currents in vestibular ganglion neurons (Chabbert et al. 2001) . In addition, the rapidly activating, rapidly inactivating 4-AP-sensitive current in ganglion neurons had a mean half-inactivation of −64 mV, close to the mean value in gerbil calyx terminals of −71 mV.
An inactivating component of the outward current was also sensitive to BDS-I, which inhibits Kv3 K + channels. The current blocked by BDS-I appeared to be the same as the current blocked by 4-AP. BDS-I is reported to alter the gating kinetics and voltage dependence of Kv3 channels (Yeung et al. 2005) , precluding a detailed analysis of I BDS . Kv3 channels typically activate at high threshold, deactivate rapidly, and allow fast repolarization of action potentials.
TEA-sensitive K + current
Most of the current remaining after block of I 4-AP was sensitive to application of extracellular TEA (25-30 mM, Fig. 8 ). The kinetic properties of I TEA were found to be considerably slower than I 4-AP . A similar K + current was described in vestibular ganglion cells and was blocked by relatively high concentrations of TEA (30-40 mM) (Chabbert et al. 2001) . We probed the steady-state inactivation of I TEA with 500-ms conditioning pulses and found a V 1/2 for inactivation of approximately −90 mV. Chabbert et al. used 10-s conditioning pulses to study inactivation of I TEA and reported a V 1/2 of −62 mV. Differences in voltage protocols may account in part for the different V 1/2 values between preparations. I TEA inactivated up to 85% in ganglion neurons and up to 90% in calyces. K + channels which are sensitive to 1 mM TEA include members of the Kv1 and Kv3 families and BK currents (Wang et al. 1998; Coetzee et al. 1999) and are unlikely to be major contributors to I TEA in calyces. KCNQ channels may contribute to K + currents in calyx afferents (Kharkovets et al. 2000; Hurley et al. 2006; Rennie and Streeter 2006) . Based on sensitivity to the KCNQ channel blockers linopirdine and XE991, it has been suggested that KCNQ "M-like" channels may underlie calyceal K + currents (Hurley et al. 2006; Rennie and Streeter 2006) . The classical M current is a 4-AP-insensitive low-voltage-activated K + current that activates slowly and does not inactivate (Robbins 2001). KCNQ2, 3, 4, and 5 can contribute to M currents. The sensitivity of KCNQ channels to externally applied TEA differs with subunit type (Hadley et al. 2000) . Expressed KCNQ2 channels are highly sensitive to block by TEA with an IC 50 of 0.3 mM. A tyrosine residue which is located close to the canonical GYG sequence confers the high TEA sensitivity on KCNQ2 homomers (Hadley et al. 2000) . The IC 50 values for KCNQ1 and KCNQ4 were reported to be less than 10 mM, but currents mediated by KCNQ3 and KCNQ5 channels were much less sensitive to TEA with IC 50 values930 mM (Hadley et al. 2000; Schroeder et al. 2000) . Calyx endings were reported to show no staining with KCNQ3 antibodies in the rat utricle (Hurley et al. 2006 ), but KCNQ5 staining was reported in calyces and their afferent stalks at P4-P8 and also at P21 (Hurley et al. 2006) . KCNQ4 labeling has also been described in vestibular afferent calyces and ganglion cells in rodents (Kharkovets et al. 2000; Rocha-Sanchez et al. 2007 ). In rat utricle, KCNQ4 expression was restricted to the inner face of calyx terminals at P21 (Hurley et al. 2006) . However, given the high sensitivity of KCNQ4 channel homomers to TEA, it appears that KCNQ4 alone is not a good candidate for the I TEA described here. Perhaps KCNQ4 coassembles with other subunits such as KCNQ5 to form a channel with relatively low TEA sensitivity. A further difference between I TEA in calyces and KCNQ currents is that KCNQ-mediated currents do not generally inactivate (Robbins 2001) . However, recent studies have shown that currents mediated by KCNQ4 and 5 are increased by hyperpolarizing prepulses, indicating that inactivation can occur (Seebohm et al. 2005; Jensen et al. 2007 ). We found substantial inactivation of I TEA in calyces, and further experiments are needed to determine if inactivating KCNQ channels such as KCNQ4 and 5 contribute to I TEA .
Comparison to preparations studied during postnatal development
In rodents, calyx terminals appear during the first postnatal week when ion channel complements in hair cells and postnatal afferents may change rapidly (Rüsch et al. 1998; Hurley et al. 2006; Wooltorton et al. 2007 ). K + currents in vestibular ganglion cells have been studied during the early postnatal period (P0-P8) in mouse (Chabbert et al. 2001; Risner and Holt 2006) . Hurley et al. (2006) made whole-cell recordings from calyces and/or stalks isolated from the postnatal rat utricle (P17-P22). A large negatively activating conductance was described in three out of four cells with a V 1/2 ranging from −63 to −80 mV. The current was blocked by XE991 and resembled the conductances g K,n in cochlear hair cells or g K,L in type I hair cells (Hurley et al. 2006 ). We did not find a large resting current in any of the calyces studied here or in calyces from gerbils at younger ages (postnatal days 4-13, unpublished data). The reasons for these differences are unclear but may be due to different dissociation techniques used and/or differences between the utricle and crista. Instead, we observed a high-input resistance (0.4-1.3 GΩ) in calyces patched with standard patch electrode solutions and in calyx recordings confirmed with fluorescent dye. Input resistance values in calyces were much higher than values in type I hair cells. The relatively high-input resistance of calyx terminals described here would readily allow small changes in hair cell transmitter release to result in membrane potential changes and modulate the firing of action potentials in afferents.
Action potentials in calyx afferents
We are interested in how channels in calyx terminals shape synaptic responses and action potential firing in calyx units. Although previous sharp electrode studies have consistently reported spontaneous firing in vestibular afferent fibers (Goldberg 2000), we did not observe spontaneous action potentials in calyces in whole-cell recordings. Spontaneous release of neurotransmitter occurs from type I hair cells and results in EPSCs in calyx afferents (Rennie and Streeter 2006) . However, isolated calyx terminals described here lack a myelinated axon that may contain additional ion channels necessary for repetitive firing of action potentials. The effects of channel blockers on single-action potentials in whole-cell recordings from vestibular ganglion neurons excised from mice have also been described (Risner and Holt 2006). Our results indicate that the voltage-dependent currents I 4-AP and I TEA contribute in different ways to action potential repolarization in calyces. Blocking the rapidly activating, rapidly inactivating A-type current increased spike width, whereas blocking the slower current I TEA prevented complete repolarization of the action potential.
Roles of Ca
2+ and calcium-activated K + channels
Differences in after-hyperpolarization potential slope may influence the regularity of firing in vestibular afferent neurons and a calcium-activated K + (K(Ca)) current may contribute (Smith and Goldberg 1986). Limón et al. (2005) found a correlation between ganglion cell soma size and the expression of K(Ca) channels in neurons from the early postnatal rat vestibular ganglion. In largediameter cells, the BK channel blocker iberiotoxin increased action potential duration and reduced adaptation of the action potential discharge. Although other K(Ca) channel types were present, specific blockers of these channels (apamin and clotrimazole) had no effect on action potential shape (Limón et al. 2005) . The potential role of Ca 2+ and K(Ca) channels in calyx action potential shaping remains to be investigated. As we learn more about the biophysical properties and molecular identity of ionic channels in calyces, mechanistic differences between irregularly and regularly firing vestibular afferents and the nature of information conveyed by these complex afferents to central pathways should be elucidated. 
